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(54) Method and system for monitoring bearings 



(57) A method and system for monitoring the condi- 
tion of a bearing mounted on a rotating shaft, particularly 
one present in an aircraft gas turbine engine, where the 
vibration sensor that monitors the bearing is remote 
therefrom but proximate to the rotating shaft. The vibra- 
tion sensor obtains (1 01 ) a broadband signal having fre- 
quencies that include the bearing defect peak of the 



monitored bearing (54). The broadband signal is ana- 
lyzed (1 04) to identify the presence of the bearing defect 
peak. If the bearing defect peak is present, the ampli- 
tude of this peak is quantified (107) to determine (109) 
whether degradation of the monitored bearing has at 
least reached a threshold criterion previously estab- 
lished. 
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Description 

[0001] The present invention generally relates to a 
method and system for monitoring the condition of bear- 
ings mounted on a rotating shaft where the monitoring 
sensor is positioned remotely from the bearings. The 
present invention particularly relates to a method and 
system for remotely monitoring the condition of differen- 
tial bearings mounted on rotating shaft in an aircraft gas 
turbine engine for the purpose of detecting defects 
therein prior to the point of bearing failure. 
[0002] Rolling element bearings are used to facilitate 
rotation of a shaft relative to a stationary or rotating sup- 
port, with minimal friction. They are typically comprised 
of concentric inner and outer races between which are 
positioned rolling elements. The rolling element can be 
a spherical ball (in the case of ball bearings) or a cylin- 
drical roller element (in the case of roller bearings). Ball 
bearings are capable of supporting both radial and axial 
shaft loads, while rollerbearings support radial loads on- 
ly. The primary shaft race rotates synchronously with the 
shaft. In static housing bearings, the second race does 
not rotate and is supported by a stationary housing. In 
the case of intershaft or differential bearings, the second 
race rotates synchronously with a secondary shaft. Uti- 
lization of differential bearings can result in the advan- 
tages of significantly reduced system size and weight. 
[0003] Like any other mechanical part, bearings can 
fail due to wear, lack of lubrication, contamination, as- 
sembly damage, excessive load or other factors. As a 
result, the monitoring of the condition of bearings has 
received considerable attention for some time because 
bearing failures can be catastrophic, leading to signifi- 
cant collateral damage and expensive repair, in addition 
to the time the machine is out of service. Monitoring of 
bearings to determine when they have or are about to 
become faulty can be more difficult when multiple bear- 
ing assemblies are being used in the machine, which is 
typical in gas turbine engines. Monitoring of bearing 
condition can be further complicated by other factors in 
the machine, such as high temperatures, difficulties in 
locating the monitoring sensors in the machine, other 
sources of vibration, and the like. When used with air- 
craft engines, the monitoring system also needs to be 
relatively lightweight. 

[0004] An example of a gas turbine engine having 
multiple bearing assemblies is shown in U.S. Patent 
5,749,660 (Dusserre-Telmon et al), issued May 12, 
1998. The turbine engine shown in FIG. 1 of the 
Dusserre-Telmon et al patent has six bearing assem- 
blies (5 through 1 0) associated with a rotating shaft hav- 
ing a coaxial front part 1 and a rear part 2. These bearing 
assemblies include the combination of a ball bearing 5 
and roller bearing 6 that support front part 1 of the shaft 
at the forward end of the engine, a pair of ball bearings 
7 and 8 that support one end of the rear part 2 of the 
shaft and a pair of roller bearings 9 and 10 at the aft 
portion of the engine that support the other end of the 



rear part of 2 of the shaft. 

[0005] In FIG. 1 of the Dusserre-Telmon et al patent, 
roller bearing 9 is shown in the form of an intershaft or 
differential roller bearing where both the inner and outer 

5 races are rotating. It has been found that for some air- 
craft engine models, intershaft bearing failures, i.e., at 
the position of roller bearing 9, can lead to aircraft engine 
in-flight shutdowns. A common failure mode for rolling 
element bearings of this type is localized defects, in 

10 which a sizable piece of the contact surface is dislodged 
during operation, mostly by fatigue cracking in the bear- 
ing metal under cyclic contact stressing. The monitoring 
of potential failure of such roller element bearings is thus 
often based on the detection of the onset of such local- 

15 jzed defects. 

[0006] One method for monitoring for such localized 
defects is to examine the debris present in the lubricant 
used in the bearing. Gas turbine engines typically have 
metal chip detectors (MCD) installed in the engine oil 

20 scavenge system. The MCD's collect metal debris that 
is transported in the lubricating oil; this collected metal 
debris can then be examined to determine if bearing ma- 
terial is present. Unfortunately, debris analysis can be 
unreliable for detecting defects in intershaft bearings be- 

25 cause the bearing debris can be trapped inside the rotor 
by centrifugal forces and thus remain undetected by an 
MCD. 

[0007] Another method for monitoring such localized 
defects is by vibration analysis. During bearing opera- 
te tion, bursts of acoustic emissions or vibrations result 
from the passage of the defect through the roller and 
raceway contacts. Defects at different locations of a 
bearing (inner race, roller and outer race) will have char- 
acteristic frequencies at which the bursts are generated. 
35 Theoretical estimations of these frequencies are called 
characteristic defect frequencies. Therefore, the signal 
of a damaged bearing (hereafter referred to as the 
"bearing defect peak") will typically consist of a periodic 
burst of acoustic emissions or vibrations near or about 
40 the characteristic defect frequency. In addition, the 
changing amplitude of this bearing defect peak over 
time can be used to quantify the degree of bearing fail- 
ure that has occurred, preferably sufficiently in advance 
so that maintenance and repair can occur before there 
45 is total bearing failure. Unfortunately, the characteristic 
frequencies are usually sufficiently high that they can 
attenuate rapidly in the surrounding structures. For this 
reason, it is generally desirable to locate vibration sen- 
sors as close to the bearing as possible. 
so [0008] A particu lar problem in gas turbine engines ex- 
ists when an intershaft or differential bearing, like bear- 
ing 9 in the Dusserre-Telmon et al patent, is positioned 
in a high temperature section of the engine. This makes 
it extremely difficult or potentially impossible to position 
55 a reliable vibration sensor close to this bearing so that 
it will survive and function in a high temperature envi- 
ronment. As a result, in the high temperature sections 
of the engine, the nearest practical location where sen- 
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sors can survive and function are on the exterior of the 
engine. However, due to their high frequencies, charac- 
teristic bearing defect signals are usually attenuated be- 
fore they can reach external engine sensor locations, 
meaning the defect will typically remain undetected. 
[0009] Isolating the characteristic bearing defect fre- 
quency and amplitude from other acoustic emissions 
can also be difficult. Usually, the vibration sensor signal 
contains broadband frequency content (i.e., numerous 
frequencies across a broad frequency range); within this 
content is the characteristic bearing defect frequency 
which co-mingles with these other frequencies. The 
bearing defect peak at the characteristic frequency also 
does not necessarily have the highest amplitude, and is 
not typically self-evident. In addition, other sources of 
vibration can reside at the same frequency as the char- 
acteristic bearing defect frequency, which could lead to 
false detection events. For example, the signal can po- 
tentially be an aberration due to fluctuations in the rota- 
tional speed of the shaft, as well as the inner and outer 
races. 

[0010] Accordingly, it would be desirable to provide a 
method and system for remotely monitoring the condi- 
tion of bearings mounted on a rotating shaft, especially 
one used in a gas turbine engine, where multiple bearing 
assemblies are present, that can reliably detect and iso- 
late the signal of the characteristic frequency of bearing 
failure of interest from a broadband signal, without inva- 
sive analysis techniques, and is relatively lightweight for 
use with aircraft engines. 

[001 1 ] The present invention relates to a method and 
system for monitoring the condition of a bearing mount- 
ed on a rotating shaft, particularly one present in a gas 
turbine engine of an aircraft, where the vibration sensor 
that monitors the bearing is remote therefrom but prox- 
imate to the rotating shaft. The method of the present 
invention comprises the steps of and the system of the 
present invention is capable of: 

a. obtaining through the vibration sensor a broad- 
band signal having frequencies that include the 
bearing defect peak of the monitored bearing; 

b. analyzing the broadband signal to identify the 
presence of the bearing defect peak; and 

c. if the bearing defect peak is present, quantifying 
the amplitude of this peak to determine whether 
degradation of the monitored bearing has at least 
reached a threshold criteria previously established. 

[0012] The method and system of the present inven- 
tion provides a number of benefits and advantages in 
monitoring bearings mounted on a rotating shaft, espe- 
cially one used in an aircraft gas turbine engine. The 
method and system of the present invention allows for 
reliable detection, isolation, identification and quantifi- 
cation of the bearing failure signal for the bearing of in- 



terest that is being monitored, even when multiple bear- 
ing assemblies are mounted on the rotating shaft. The 
method and system of the present invention provides a 
non-invasive analytical technique so that the bearing 
5 being monitored does not have to be removed to carry 
out the analysis. Because the vibration sensor can be 
mounted in the forward, lower temperature end of a gas 
turbine engine, the method and system is particularly 
useful in monitoring intershaft or differential bearings 
'0 mounted at the aft, higher temperature end, of the gas 
turbine engine. The system of the present invention is 
also relatively lightweight, making it ideal for monitoring 
bearings in aircraft gas turbine engines. 
[0013] The method and system of the present inven- 
ts tion takes advantage of an alternate, less obvious trans- 
mission path for monitoring the condition of bearings 
mounted on a rotating shaft, especially one used in an 
aircraft gas turbine engine. It has been found that when 
the vibration sensor can be practically located proximate 
20 or near the shaft, with a relatively low mass between the 
sensor and the bearing being monitored, the character- 
istic defect frequency can be detected, even when the 
sensor is relatively remote from the bearing being mon- 
itored. In particular, the vibration sensor can be located 
25 jn a lower temperature section of a gas turbine engine, 
yet detect a defect in a bearing located remotely there- 
from in the higher temperature section of the engine 
when: (1) the vibration sensor is positioned proximate 
to the shaft; and (2) the portion of the shaft between the 
30 sensor and the bearing being monitored is of relatively 
low mass so that acoustic vibrations from the bearing 
will be transmitted by the shaft and picked up by the sen- 
sor. 

[0014] Embodiments of the invention will now be de- 
35 scribed, by way of example, with reference to the ac- 
companying drawings, in which: 

FIG. 1 is a side sectional view of a gas turbine en- 
gine that the method and system of the present in- 
40 vention can be used in. 

FIG. 2 is a schematic vibration and speed signal col- 
lecting and processing component that can be used 
in the method and system of the present invention. 

45 

FIG. 3 represents a flowchart illustrating the steps 
that can be carried out according to an embodiment 
of the method and system of the present invention. 

50 FIG. 4 is a representative graphical display broad- 
band vibration signal obtained by the vibration sen- 
sor in the method and system of the present inven- 
tion. 

55 FIG. 5 is a representative graphical display of the 
amplitudes of the bearing defect peak value over 
time. 
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[001 5] As used herein, the term "bearing defect peak" 
refers to the peak in the signal obtained for the bearing 
being monitored that is indicative of a bearing defect that 
can be identified and quantified to determine the degree 
of bearing failure or degradation over time. 
[0016] As used herein, the terms "transmit" and 
"transmission" refers to any type of transmission that 
can be carried out electronically by wired methods, wire- 
less methods or combinations thereof. Typical electron- 
ic transmissions within the scope of the present inven- 
tion can be carried out by a variety of remote electronic 
transmission methods, such as by using Local or Wide 
Area Network (LAN or WAN)-based, Internet-based, or 
web-based transmission methods, cable television or 
wireless telecommunications networks, or any other 
suitable remote transmission method. 
[0017] As used herein, the term "software" refers to 
any form of programmed machine-readable language 
or instructions (e.g., object code) that, when loaded or 
otherwise installed, provides operating instructions to a 
machine capable of reading those instructions, such as 
a computer or other computer program reader. Software 
useful in the present invention can be stored or reside 
on, as well as be loaded or installed from, one or more 
floppy disks, CD ROM disks, hard disks or any other 
form of suitable non-volatile electronic storage media. 
Software useful in the present invention can also be in- 
stalled by downloading or other form of remote trans- 
mission. 

[0018] As used herein, the term "comprising" means 
various components, capabilities and/or steps can be 
conjointly employed in the present invention. According- 
ly, the term "comprising" encompasses the more restric- 
tive terms "consisting essentially of" and "consisting of." 
[0019] Referring to FIG. 1, a gas turbine engine for 
which the method and system of the present invention 
is useful is indicated generally as 10. While particularly 
useful in monitoring bearings mounted on rotating shafts 
in aircraft gas turbine engines, the method and system 
of the present invention can also be used to monitor 
bearings mounted on rotating shafts used with other ma- 
chines such as steam turbine engines, helicopter gear- 
boxes, gas turbine electrical generators, pumps, elec- 
trical motors, reciprocating engines, etc., where the vi- 
bration sensor is located remotely from the bearing be- 
ing monitored but proximate to the rotating shaft. 
[0020] Engine 10 is shown as having two rotors and 
five bearings with two frames for rotor support, i.e., an 
engine with multiple bearing assemblies. Engine 10 in- 
cludes a rotating low pressure (LP) shaft 1 4 that extends 
along a longitudinal axis from the forward end to the aft 
end of the engine. As shown in FIG. 1 , a fan rotor 1 B is 
located at the forward end of engine 1 0, while a low pres- 
sure turbine (LPT) rotor 30 is located at the aft end of 
engine 1 0. The fan rotor 1 8 and the LPT rotor 30 togeth- 
er comprise the LP rotor assembly of engine 1 0 and are 
connected by LP shaft 14. 

[0021] Engine 10 further includes a high pressure 



compressor (HPC) rotor 22 located aft of fan rotor 18 
and a high pressure turbine (HPT) rotor 26 located for- 
ward of LPT rotor 30. The HPC rotor 22 is connected 
directly to the HPT rotor 26 and together comprise the 

5 high pressure (HP) rotor assembly of engine 1 0. The LP 
shaft 14 and the HP rotor assembly (i.e., HPC rotor 22 
and HPT rotor 26) are concentric, with the LP shaft 14 
being positioned to rotate within the HP rotor assembly. 
[0022] As shown in FIG. 1 , the LP rotor assembly (i. 

10 e., fan rotor 18, LPT rotor 30 and LP shaft 14) and the 
HP rotor assembly (i.e., HPC rotor 22 and HPT rotor 26) 
are supported or mounted using multiple bearing as- 
semblies, five of which are indicated generally as 42, 
46, 50, 54 and 58. The first and third bearing assemblies 

15 42 and 50 are ball bearings, while the second, fourth 
and fifth bearing assemblies 46, 54 and 58 are roller 
bearings. Each rotor assembly requires a ball bearing 
for axial support, with the remainder of the support being 
provided by the roller bearings. The LP rotor assembly 

20 is supported by ball bearing 42 and roller bearing 46 at 
the forward end, and by roller bearing 58 at the aft end. 
The HP rotor assembly is supported by ball bearing 50 
at the forward end and roller bearing 54 at the aft end. 
Bearings 42, 46 and 50 are static housing bearings sup- 

25 ported by forward frame 34, while bearing 58 is a static 
housing bearing that is supported by rear frame 38. 
[0023] Bearing 54 is an intershaft or differential bear- 
ing that is typically of the roller bearing type with both 
inner and outer races rotating. Bearing 54 supports the 

30 aft end of the HP rotor assembly (i.e., HPC rotor 22 and 
HPT rotor 26) on LP rotor shaft 14. The use of an inter- 
shaft bearing at the location of bearing 54 eliminates the 
need for another frame (in addition to frames 34 and 38) 
and thus significantly reduces engine size and weight. 

35 [0024] Because of its location in the LPT section 60 
of engine 10, differential roller bearing 54 is difficult to 
monitor directly to determine when the bearing has be- 
come sufficiently degraded and faulty to require main- 
tenance or repair. This is due primarily to the higher tem- 

40 peratures that occu r in the LPT section of engine 1 0 that 
can adversely affect vibration sensors located therein. 
As a result, the vibration sensor that monitors differential 
roller bearing 54 is located remotely therefrom so as to 
be in the lower temperature section 64 of engine 10. As 

45 shown in FIG. 1 , the vibration sensor in the form of ac- 
celerometer 62 is located at the forward end of engine 
10 near bearing assembly 42 and proximate to shaft 14. 
Because accelerometer 62 is proximate to shaft 1 4, it 
can obtain acoustic emissions or vibrations emanating 

so from remotely located differential roller bearing 54 that 
are transmitted (via shaft 14) due to the relatively low 
rotor mass between accelerometer 62 and bearing 54. 
The positioning of accelerometer 62 proximate to for- 
ward frame 34 also allows transmission wires to be con- 

55 veniently led out to an engine vibration monitor (not 
shown). 

[0025] In determining whether bearing failure is oc- 
curring in differential roller bearing 54, the speed of ro- 
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tation of the inner and outer races needs to be deter- 
mined. A first speed sensor indicated as 66 that is locat- 
ed near the second bearing assembly 46 is used to mon- 
itor the speed of rotation of the inner (LP) race of differ- 
ential roller bearing 54. A second speed sensor indicat- 
ed as 70 that is located in gearbox 74 is used to monitor 
the speed of rotation of the outer (HP) race of differential 
roller bearing 54. 

[0026] As shown in the schematic in FIG. 2, acceler- 
ometer 62 provides a broadband signal indicated gen- 
erally as 78 based on the acoustic emissions or vibra- 
tions collected, including those from differential roller 
bearing 54). The first speed sensor 66 obtains a signal 
82 on the speed of rotation of the inner race of differen- 
tial roller bearing 54, while the second speed sensor 70 
obtains a signal 86 on the speed of rotation of the outer 
race of differential roller bearing 54. As shown in FIG. 
2, signals 78, 82 and 86 are collected by an engine vi- 
bration monitor (EVM) 90 or similar monitoring unit lo- 
cated on the aircraft or engine 1 0 that typically includes 
processing capability (e.g., a digital signal processor), 
random access memory (RAM) and non-volatile storage 
capability (e.g., a hard disk), i.e., monitor 90 is typically 
computerized. As a result, monitor 90 usually has the 
capability to further process and analyze the collected 
signals 78, 82 and 86, as well as to store the results of 
such processing and analysis. Monitor 90 can also 
transmit the collected or processed signals to another 
remote system (e.g., while the aircraft is still in the air), 
or can simply store the collected or processed signals 
for later transmission or downloading to another system 
(e.g., after the aircraft has landed). For example, the col- 
lected or processed signals can be transmitted or down- 
loaded to a computer (e.g., a portable computer). 
[0027] Because signal 78 is a broadband signal (e.g., 
typically in the range from 0 to about 4000 Hz.), it is usu- 
ally difficult or impossible to directly identify in signal 78 
the relevant bearing defect peak for differential roller 
bearing assembly 54. Indeed, the peak with the highest 
amplitude in signal 78 is not always the one that is the 
bearing defect peak. Accordingly, the broadband signal 
78 is typically filtered to narrow the bandwidth that cov- 
ers the range of frequencies that include the bearing de- 
fect peak (e.g., typically in the range from about 2000 
to about 3000 Hz.). This filtering to a narrower band- 
width usually allows for easier identification and quanti- 
fication of the bearing defect peak. The ranges for these 
broadband and narrowband signals can vary (upwardly 
or downwardly) depending on several factors, such as 
the number of rolling elements in the bearings, the rel- 
ative rotor speeds, and the degree of bearing slip (i.e., 
when the tangential velocity of the rolling element does 
not match the tangential velocity of the race). 
[0028] In addition, knowledge of the speed of the LP 
and HP races provided by signals 82 and 86, respec- 
tively, which is also indicative of the engine shaft 
speeds, is needed to insure that signals 78 collected at 
different times are comparable. Signals 78 can be col- 



lected during a period of time when engine speeds are 
changing (referred to hereafter as "transient" engine 
speed conditions) or when engine speeds are constant 
or stable (referred to hereafter as "steady state" engine 

5 speed conditions). Analysis of signals 78 collected un- 
der both "transient" and "steady state" conditions can 
be useful in detecting the potential failure of differential 
roller bearing 54. Detection of potential failure of differ- 
ential roller bearing 54 also typically requires the collec- 

10 tion and analysis of many signals 78 over a period of 
time. This ensures that the detection of bearing failure 
is based on repetitive objective determinations of a suf- 
ficient sample of the collected data, and not a potentially 
aberrant phenomena. 

is [0029] An embodiment of the method of the present 
invention is illustrated by the flowchart generally indicat- 
ed as 100 in FIG. 3. Referring to FIG. 3, in step 101, a 
data sample is obtained by monitor 90 that contains col- 
lected signals, 73, 82 and 86. As indicated by step 102, 

20 an initial query is performed to qualify whether the data 
sample was obtained under appropriate transient con- 
ditions. If the data sample was not obtained under ap- 
propriate transient conditions (the answer to "Qualified 
Transient ?" in step 102 is "No"), another query is per- 

25 formed as indicated by step 1 03 as to whether the data 
sample was obtained under appropriate steady state 
conditions. If the data sample was obtained under ap- 
propriate transient conditions (the answer to "Qualified 
Transient?" in step 102 is "Yes"), the data sample is 

30 then processed further per step 1 04. If the data sample 
was not obtained under appropriate steady state condi- 
tions (the answer to "Qualified Steady State?" in step 
103 is "No"), the data sample is not processed further 
since it would not provide reliable or comparable results, 

35 as indicated in step 105. If the data sample was obtained 
under appropriate steady state conditions (the answer 
to "Qualified Steady State?" in step 103 is "Yes"), the 
data sample is then processed further per step 104. 
[0030] In step 1 04, the data sample is then analyzed 

40 using Fast Fourier Transformation (FFT) analysis tech- 
niques to obtain a spectrum or graphical display of the 
broadband signal 78. A broadband periodic signal typi- 
cally includes contributions from many frequencies. The 
FFT analysis provides a spectrum of the individual fre- 

45 quencies present within a broadband signal, indicating 
the strength of each frequency's contribution. Typically, 
a normal FFT of a gas turbine engine will include pre- 
dictable content, including integer and specific non-in- 
teger harmonics of frequencies which correspond to LP 

so and HP rotor assembly speeds, and of fixed frequency 
phenomena. The characteristic defect frequency is gen- 
erally predictable from the bearing geometry and the ro- 
tor speeds. However, the characteristic defect frequen- 
cy can vary due to bearing slip and can also contain fre- 

55 quency sidebands which can be higher in amplitude 
than the primary characteristic defect frequency. For this 
reason, it usually becomes necessary to evaluate a 
characteristic defect frequency range which includes 
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the characteristic defect frequency, as well as expected 
variations and possible sidebands. The portion of the 
FFT within the characteristic defect frequency range is 
then extracted for further evaluation. 
[0031 J One such FFT graphical display is shown in 
FIG. 4 where the peak having the highest amplitude in- 
dicated by 94 happens to be the bearing defect peak. 
However, this is not always the case. In those instances 
where the bearing defect peak is lower in amplitude than 
other frequency components, it is typically necessary to 
isolate it from other frequencies. Accordingly, all of the 
predictable content not related to the bearing defect (in- 
cluding integer and specific non-integer harmonics of 
frequencies which correspond to LP and HP rotor as- 
sembly speeds, and of fixed frequency phenomena) are 
removed or filtered from the FFT in step 106 to provide 
a narrow bandwidth range of frequencies, including the 
frequency that includes the bearing defect peak. 
[0032] After filtering out the known non-defect related 
frequencies, the amplitude and frequency of the highest 
remaining peak in the characteristic defect frequency 
range is measured in step 1 07. The amplitude is record- 
ed as the bearing defect peak, and the frequency is re- 
corded as the characteristic defect frequency. After 
quantification of the amplitude of the bearing defect 
peak, the results of such a quantification can be com- 
piled or stored, as shown in step 108. As shown in step 
1 09, a determination is then made as to whether the am- 
plitude of this peak has reached or exceeded a threshold 
criteria previously established for a predetermined 
number of occasions, at consistent characteristic defect 
frequencies. (This typically requires repeated determi- 
nations showing that the threshold criteria has been 
consistently reached or exceeded.) If the threshold fre- 
quency criteria has been consistently reached or ex- 
ceeded (the answer to "Threshold Criteria Reached" is 
"Yes"), a message (e.g., an alarm) is then issued per 
step 110 so that appropriate action (e.g., maintenance 
or repair of the bearing) can be taken. If the threshold 
frequency criteria has not been consistently reached or 
exceeded (the answer to "Threshold Criteria Reached" 
is "No"), the process again terminates per step 105. If 
desired, step 1 1 0 can be comprised of a multiple of steps 
for different levels of messages (e.g., alarms) to be is- 
sued, depending on the degree of the bearing degrada- 
tion or failure shown by the height of the amplitude of 
the bearing defect peak. 

[0033] Usually many data samples are analyzed us- 
ing the embodiment of the method illustrated in steps 
1 01 through 1 1 0 to obtain a plot of the amplitude values 
of the bearing defect peak. One such graphical plot is 
shown in FIG. 5 which also includes various threshold 
criteria lines to indicate how serious the degree of the 
bearing degradation is and what and when appropriate 
action should be taken. For example, the line indicated 
by 96 represent a "caution" threshold (e.g., the moni- 
tored bearing could require maintenance or repair rela- 
tively soon), while the line indicated by 98 represents an 



"alerf threshold (e.g., the monitored bearing requires 
immediate maintenance or repair.) Indeed, by plotting 
these amplitude values over time, the bearing degrada- 
tion trend can be progressively monitored to provide suf- 
5 ficient warning as to when to take appropriate corrective 
action. 

[0034] The embodiment of the method illustrated in 
steps 101 through 110 can be carried out entirely by 
monitor 90, i.e., an automated computerized system for 

10 monitoring the condition of the bearing and determining 
when maintenance or repair thereof is advisable or im- 
mediately required. In such a computerized system, 
monitor 90 could be provided with a display to issue the 
message in step 1 1 0 as to whether the threshold criteria 

15 for taking a particular action has been reached or ex- 
ceeded or could issue such a message as the collected 
or processed data is downloaded or transmitted to an- 
other system. Alternatively, monitor 90 could simply 
store the collected or processed data (i.e., as in step 

20 108). This collected or processed data could then be 
subsequently downloaded or transmitted for further 
analysis to determine potential trends to predict when 
the threshold criteria are likely to be reached or exceed- 
ed (per step 1 09) and when maintenance or repair mes- 

25 sages at one or more levels should be issued (per step 
110). 

[0035] The present invention can also be provided in 
the form of downloadable or otherwise installable soft- 
ware that can be installed on and utilized by a compu- 

30 terized monitor 90 to carry out the embodiment of the 
method described in steps 101 through 110. This soft- 
ware can be provided or associated with a set of instruc- 
tions for downloading or installation of the software on 
monitor 90 and/or use of the software with monitor 90 

35 that are written or printed on one or more sheets of pa- 
per, in a multi-page manual, at the location where the 
software is located for remote downloading or installa- 
tion (e.g., a server-based web site), on or inside the 
packaging in which the software is provided or sold, and/ 

40 or on the electronic media (e.g. , floppy disk or CD ROM 
disk) from which the software is loaded or installed, or 
any other suitable method for providing instructions on 
how to load, install and/or use the software. 
[0036] For completeness, various aspects of the in- 

45 vention are set out in the following numbered clauses: 

1 . A method for monitoring the condition of a bear- 
ing (54) mounted on a rotating shaft (14) wherein a 
vibration sensor (62) that monitors the bearing (54) 
so is remote therefrom but proximate to the rotating 
shaft (14), the method comprising the steps of: 

a. obtaining (101) through the vibration sensor 
(62) a broadband signal (78) having frequen- 
55 cies that include a bearing defect peak (94)of 

the monitored bearing; 

b) analyzing (1 07) the broadband signal (78) to 
identify the presence of the bearing defect peak 
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(94); and 

c) if the bearing defect peak (94) is present, 
quantifying (107, 109) the amplitude of the 
bearing defect peak to determine whether deg- 
radation of the monitored bearing (54) has at s 
least reached a threshold criteria previously es- 
tablished. 

2. The method of clause 1 wherein the rotating shaft 
(14) is present in an aircraft gas turbine engine (10). io 

3. The method of clause 2 wherein multiple bear- 
ings (42, 46, 50, 54, 58) are mounted on the rotating 
shaft (14). 

15 

4. The method of clause 2 wherein the engine (10) 
comprises a higher temperature section (60) and 
lower temperature section (64), and wherein the 
bearing (54) being monitored is located in the higher 
temperature section (60) and the vibration sensor 20 
(62) is located in the lower temperature section (64). 

5. The method clause 2 wherein the bearing (54) 
being monitored is a differential roller bearing hav- 
ing an inner rotating race and an outer rotating race 25 
and wherein the rotational speed of the inner race 
(82) and the rotational speed of the outer race (86) 

are obtained and included in the analysis of the 
broadband signal (78) in step (b) (107). 

30 

6. The method of clause 5 wherein the rotational 
speeds of the inner and outer races (82, 86) are ob- 
tained during transient engine speed conditions 

(102) . 

35 

7. The method of clause 5 wherein the rotational 
speeds of the inner and outer races (82, 86) are ob- 
tained during steady state engine speed conditions 

(103) . 

40 

8. The method of clause 2 which comprises the fur- 
ther step (d) of issuing a message as to the appro- 
priate action to be taken (1 1 0) if it is determined dur- 
ing step (c) that the threshold criteria has at least 
been reached (107, 109). 

9. The method of clause 2 wherein step (c) (107, 
109) comprises obtaining a plot of the amplitude 
values of the bearing defect peak to progressively 
monitor the degradation of the bearing (54). 50 

1 0. A system for monitoring the condition of a bear- 
ing (54) mounted on a rotating shaft (14), the sys- 
tem comprising: 

55 

(a) a vibration sensor (62) remote from the 
monitored bearing (54) but proximate to the ro- 
tating shaft (1 4), the vibration sensor (62) being 



capable of obtaining from the rotating shaft (14) 
a broadband signal (78) having frequencies 
that include a bearing defect peak (94) of the 
monitored bearing (54); and 
(b) a vibration monitor (90) that is capable of: 

(1) collecting (101) the broadband signal 
(78) from the vibration sensor (62); 

(2) analyzing (107) the broadband signal 
(78) to identify the presence of the bearing 
defect peak (94); and 

(3) if the bearing defect peak (94) is 
present, quantifying (107, 109) the ampli- 
tude of the bearing defect peak (94) to de- 
termine whether degradation of the moni- 
tored bearing (54) has at least reached a 
threshold criteria previously established. 

11. The system of clause 10 wherein the rotating 
shaft (1 4) is present in an aircraft gas turbine engine 
(10). 

12. The system of clause 11 wherein multiple bear- 
ings (42, 46, 50, 54, 58) are mounted on the rotating 
shaft (14). 

13. The system clause 12 wherein the engine (10) 
comprises a higher temperature section (60) and 
lower temperature section (64), and wherein the 
bearing (54) being monitored is located in the higher 
temperature section (60) and the vibration sensor 
(62) is located in the lower temperature section (64). 

14. The system of clause 13 wherein the bearing 
(54) being monitored is a differential roller bearing 
having an inner rotating race and an outer rotating 
race and wherein the system further comprises a 
first speed sensor (66) and a second speed sensor 
(70), the first speed sensor (66) obtaining a signal 
(82) on the rotational speed of the inner race and 
the second speed sensor (70) obtaining a signal 
(86) on the rotational speed of the outer race, and 
wherein the vibration monitor (90) collects and in- 
cludes the signals (82, 86) obtained by the first and 
second speed sensors (66, 70) in the analysis of 
the broadband signal in step (b) (107). 

15. The system of clause 14 wherein the vibration 
monitor (90) is capable of issuing a message as to 
the appropriate action to be taken (110) if it is de- 
termined during step (c) that the threshold criteria 
has at least been reached (107, 109). 

1 6. Software for use in a computerized system for 
monitoring the condition of a bearing (54) mounted 
on a rotating shaft (14), the system including a vi- 
bration sensor (62) remote from the monitored 
bearing (54) but proximate to the rotating shaft (14), 
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the vibration sensor (62) being capable of obtaining 
a broadband signal (78) having frequencies that in- 
clude a bearing defect peak (94) of the monitored 
bearing (54) and a vibration monitor (90) capable of 
installing and utilizing the software; the software be- s 
ing capable, when installed on the vibration monitor 
(90), of: 

(a) collecting (101) the broadband signal (78) 
from the vibration sensor (62); '0 

(b) analyzing (107) the broadband signal (78) 
to identify the presence of the bearing defect 
peak (94); and 

(c) if the bearing defect peak (94) is present, 
quantifying the amplitude of the bearing defect ^ 
peak (94) to determine whether degradation of 

the monitored bearing (54) has at least reached 
a threshold criteria previously established. 

1 7. The software of clause 1 6 that is stored and in- 20 
stallable from one or more nonvolatile electronic 
storage media. 

1 8. The software of clause 1 7 wherein the electronic 
media are floppy disks or CD ROM disks. 25 

19. The software of clause 18 which has instruc- 
tions provided or associated therewith for how to 
use the software with the system, how to install the 
software on the system, or how to use with and in- 30 
stall the software on the system. 

20. The software of clause 16 wherein the rotating 
shaft (1 4) is present in an aircraft gas turbine engine 
(10). 35 

21 . The software of clause 20 wherein the bearing 
(54) being monitored is a differential roller bearing 
having an inner rotating race and an outer rotating 
race and wherein the system further comprises a <o 
first speed sensor (66) and a second speed sensor 
(70), the first speed sensor (66) obtaining a signal 
(82) on the rotational speed of the inner race and 

the second speed sensor (70) obtaining a signal 
(86) on the rotational speed of the outer race, and 
wherein the software is capable of allowing the vi- 
bration monitor (90) to collect and include the sig- 
nals (82, 86) obtained by the first and second speed 
sensors (66, 70) in the analysis of the broadband 
signal (78) in step (b) (107). so 

22. The software of clause 21 which capable of al- 
lowing the vibration monitor (90) to issue a message 
as to the appropriate action to be taken (110) if it is 
determined during step (c) that the threshold criteria 55 
has at least been reached (107, 109). 



Claims 

1 . A method for monitoring the condition of a bearing 
(54) mounted on a rotating shaft (14) wherein a vi- 
bration sensor (62) that monitors the bearing (54) 
is remote therefrom but proximate to the rotating 
shaft (14), the method comprising the steps of: 

(a) obtaining (101) through the vibration sensor 
(62) a broadband signal (78) having frequen- 
cies that include a bearing defect peak (94)of 
the monitored bearing; 

b) analyzing (1 07) the broadband signal (78) to 
identify the presence of the bearing defect peak 
(94); and 

c) if the bearing defect peak (94) is present, 
quantifying (107, 109) the amplitude of the 
bearing defect peak to determine whether deg- 
radation of the monitored bearing (54) has at 
least reached a threshold criteria previously es- 
tablished. 

2. The method of claim 1 wherein the rotating shaft 
(1 4) is present in an aircraft gas turbine engine (10). 

3. The method of claim 2 wherein the engine (1 0) com- 
prises a higher temperature section (60) and lower 
temperature section (64), and wherein the bearing 
(54) being monitored is located in the higher tem- 
perature section (60) and the vibration sensor (62) 
is located in the lower temperature section (64). 

4. The method claim 2 wherein the bearing (54) being 
monitored is a differential roller bearing having an 
inner rotating race and an outer rotating race and 
wherein the rotational speed of the inner race (82) 
and the rotational speed of the outer race (86) are 
obtained and included in the analysis of the broad- 
band signal (78) in step (b) (107). 

5. A system for monitoring the condition of a bearing 
(54) mounted on a rotating shaft (14), the system 
comprising: 

(a) a vibration sensor (62) remote from the 
monitored bearing (54) but proximate to the ro- 
tating shaft (1 4), the vibration sensor (62) being 
capable of obtaining from the rotating shaft (1 4) 
a broadband signal (78) having frequencies 
that include a bearing defect peak (94) of the 
monitored bearing (54); and 

(b) a vibration monitor (90) that is capable of: 

(1) collecting (101) the broadband signal 
(78) from the vibration sensor (62); 

(2) analyzing (107) the broadband signal 
(78) to identify the presence of the bearing 
defect peak (94); and 
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(3) if the bearing defect peak (94) is 
present, quantifying (107, 109) the ampli- 
tude of the bearing defect peak (94) to de- 
termine whether degradation of the moni- 
tored bearing (54) has at least reached a s 
threshold criteria previously established. 

6. The system of claim 5 wherein the rotating shaft 
(14) is present in an aircraft gas turbine engine (1 0). 

w 

7. The system claim 6 wherein the engine (10) com- 
prises a higher temperature section (60) and lower 
temperature section (64), and wherein the bearing 
(54) being monitored is located in the higher tem- 
perature section (60) and the vibration sensor (62) is 
is located in the lower temperature section (64). 

8. The system of claim 6 wherein the bearing (54) be- 
ing monitored is a differential roller bearing having 

an inner rotating race and an outer rotating race and 20 
wherein the system further comprises a first speed 
sensor (66) and a second speed sensor (70), the 
first speed sensor (66) obtaining a signal (82) on 
the rotational speed of the inner race and the sec- 
ond speed sensor (70) obtaining a signal (86) on 25 
the rotational speed of the outer race, and wherein 
the vibration monitor (90) collects and includes the 
signals (82, 86) obtained by the first and second 
speed sensors (66, 70) in the analysis of the broad- 
band signal in step (b) (1 07). 30 

9. The system of claim 6 wherein the vibration monitor 
(90) is capable of issuing a message as to the ap- 
propriate action to be taken (110) if it is determined 
during step (c) that the threshold criteria has at least 35 
been reached (107, 109). 

1 0. Software for use in a computerized system for mon- 
itoring the condition of a bearing (54) mounted on a 
rotating shaft (14), the system including a vibration 40 
sensor (62) remote from the monitored bearing (54) 

but proximate to the rotating shaft (14), the vibration 
sensor (62) being capable of obtaining a broadband 
signal (78) having frequencies that include a bear- 
ing defect peak (94) of the monitored bearing (54) 45 
and a vibration monitor (90) capable of installing 
and utilizing the software; the software being capa- 
ble, when installed on the vibration monitor (90), of: 

(a) collecting (101) the broadband signal (78) so 
from the vibration sensor (62); 

(b) analyzing (107) the broadband signal (78) 
to identify the presence of the bearing defect 
peak (94); and 

(c) if the bearing defect peak (94) is present, ss 
quantifying the amplitude of the bearing defect 
peak (94) to determine whether degradation of 
the monitored bearing (54) has at least reached 



a threshold criteria previously established. 
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